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Kinetic activation
Carboxyls groupscells express mitochondrial lactate dehydrogenases that localize to the
mitochondrial inner membrane. The D-lactate dehydrogenase is a zinc-ﬂavoprotein with high acceptor
speciﬁcity for cytochrome c, that catalyzes the oxidation of D-lactate into pyruvate. In this paper, we show
that mitochondrial respiratory rate in phosphorylating or non-phosphorylating conditions with D-lactate as
substrate is stimulated by carboxylic acids. This stimulation does not affect the yield of oxidative
phosphorylation. Furthermore, this stimulation lies at the level of the D-lactate dehydrogenase. It is non-
competitive, hyperbolic and its dimension is directly related to the number of carboxylic groups on the
activator. The physiological meaning of such a regulation is discussed.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Mitochondria are commonly known as the cell's powerhouse.
Their inner membrane contains all the proteins involved in oxidative
phosphorylation i.e. the transformation of redox energy into phos-
phate potential (that is the free energy of ATP synthesis). The
mitochondrial respiratory chain couples substrate oxidation to proton
extrusion, through proton pumps, that generates a protonmotive force
(Δp) across the mitochondrial inner membrane. According to
Mitchell's chimio-osmotic theory [1], this protonmotive force is used
by the ATP synthase and mitochondrial carriers.
The yeast Saccharomyces cerevisiae mitochondria are slightly
peculiar since they do not exhibit a complex I but rather have a
number of external and internal dehydrogenases in the inner
mitochondrial membrane (scheme 1 [2]). On the outer side of the
inner membrane, three dehydrogenases activities are localized, two of
them give their electrons to the quinones pool: the NADH dehydro-
genase and the glycerol-3-phosphate dehydrogenase, whereas lactate
dehydrogenases gives their electrons to cytochrome c [3–11]. On the
matrix side of the inner membrane, one can ﬁnd NADH dehydrogen-
ase and succinodehydrogenase that give their electrons to the bc1
complex via the quinones pool.5, Université Victor Segalen
aux cedex, France. Fax: +33
Devin).
l rights reserved.In situ, mitochondria are subjected to multiple substrates and
functional studies from our laboratory have shown that electrons
coming from certain dehydrogenases have the right of way on
electrons coming from other dehydrogenases [12,13]. However, a
possible competition process between lactate oxidation and other
substrates had never been studied. We were thus aiming at deﬁning
these competitions processes when lactate was oxidized together
with other substrates. Aerobically grown yeast cells express two
mitochondrial lactate dehydrogenases that localize to the inner
membrane. The L-lactate dehydrogenase is a tetrameric enzyme
with a b2 type cytochrome [14–16]. The D-lactate dehydrogenase is a
zinc-ﬂavoprotein with high acceptor speciﬁcity for cytochrome c, that
catalyzes the oxidation of D-lactate into pyruvate (dld1) [17,18].
In the course of our study, we found that yeast mitochondrial D-
lactate dehydrogenase is activated by carboxylic acids. In this paper,
we characterize this activation. It is hyperbolic and the dimension of
the stimulation is directly related to the number of carboxylic groups
on the activator. We will discuss the mechanism of this activation and
the possible physiological role of such an activation.
2. Material and methods
2.1. Yeast strain and growth condition
The strain used in this study is the Saccharomyces cerevisiae wild
type strain (yeast foam). Cells were grown aerobically at 28 °C in
chemostat cultures, in the following medium: 1% (w/v) yeast extract,
1% (w/v) bactopeptone, 0.1% (w/v) KH2PO4, 0.12% (w/v) (NH4)2SO4, 2%
Scheme 1. The yeast Saccharomyces cerevisiae respiratory chain.
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harvested in the exponential growth phase.
2.2. Mitochondria preparation
Yeast mitochondria were prepared by enzymatic method as
described previously [19] and suspended in the following medium:
0.65 M mannitol, 0.36 mM EGTA, 10 mM Tris–maleate, 5 mM Tris–
Phosphate, pH 6.8 (will be refereed to as mitochondrial buffer
from now on). Protein concentration was assessed by the biuret
method [20].
2.3. Respiration assay
Oxygen consumption was measured at 28 °C in a 1 ml thermo-
statically controlled chamber equipped with a Clark oxygen electrode
(Gilson) connected to a recording device, which provides a display of
the oxygen consumption rate. Mitochondria were incubated in the
mitochondrial buffer. ADP/Owere determined as described previously
[21,22].
2.4. Complex IV activity
This activity was measured polarographically as described
above, in the presence of 0.4 µg/ml of antimycin A, 0.5 mM
TMPD (N,N,N,N',N'-tetramethyl-p-phenylene diamide) and 10 mM
ascorbate.Table 1
Isolated yeast mitochondria respiratory rates with various substrates
Substrates Addition JO2 (nat O/min/mg prot)
Pyruvate+L-Malate none 131±10
Pyruvate+L-Malate α-CNN− 58±19
Pyruvate+L-Malate α-CNN−+AA 0
Pyruvate+L-Malate D-Lactate 275±8
Pyruvate+L-Malate α-CNN−+D-Lactate 287±5
Pyruvate+L-Malate α-CNN−+D-Lactate+AA 254±6
D-Lactate none 172±26
D-Lactate α-CNN− 190±10
D-Lactate L-Malate 291±32
D-Lactate L-Malate+α-CNN− 261±16
D-Lactate L-Malate+AA 246±28
NADH None 175±8
NADH α-CNN− 175±8
Respiratory rates were measured in respiratory buffer with 0.5 mg/ml yeast isolated
mitochondria. When added, the respiratory substrates were 10 mM±0.5 mM α-
CNN−±0.4 µg/ml antimycin A (AA). Results are means of at least three independent
experiments on two different mitochondrial preparations±S.D.2.5. Lactate-ferricyanide oxido-reductase activity
This activity was assayed on isolated mitochondria in the presence
of various concentrations of D-Lactate with 0.4 µg/ml of antimycin A
and 1 mM KCN, with or without 10 mM or 20 mM of L-malate (or any
other molecule as speciﬁed in the ﬁgures legend). The reaction was
started by the addition of 1 mM potassium ferricyanide (KFe(CN)6).
Ferricyanide reduction was followed at 420 nm (ε=0.86 mM−1 cm−1).
2.6. Measurement of mitochondrial transmembranal electrical potential
difference (Δψ) by ﬂuorescent probe distribution
ΔΨ was estimated from ﬂuorescent quenching of the lipophilic
cationic dye rhodamine 123. Isolated mitochondria (0.33 mg/ml) were
incubated in the mitochondrial buffer supplemented with 0.5 µg/
mlg ml of rhodamine 123 (Sigma). The rhodamine ﬂuorescence
signal at each steady state was recorded with a Kontron SFM 25
ﬂuorimeter at 28 °C. The excitation wavelength was 485 nm and
ﬂuorescence emission was continuously collected at 525 nm. At the
end of each experiment, the maximum ﬂuorescence signal (Fmax)
was monitored after complete de-energization of mitochondria
following addition of 1 mM KCN and 10 µM CCCP. Then the (Fmax
−F)/Fmax ratio at each steady state was calculated. The ΔΨ was
estimated thanks to the linear relationship between the steady
state rhodamine ﬂuorescence signal and the ΔΨ assessed through
the distribution of [86Rb] [23].Fig. 1. Yeast isolated mitochondria D-lactate respiratory rates in the presence of
increasing concentrations of malate. The respiratory rate was measured with 0.5 mg/ml
yeast isolatedmitochondria in the presence of increasing concentration of malate (❍) or
10 mM D-lactate (■) +0.4 µg/ml antimycin A±L-malate in respiratory buffer. Results are
means of three independent experiments±S.D.
Table 2
Effect of L-Malate on isolated mitochondria electrical transmembranal potential
difference
Substrate JO2 (natO/min/mg prot) ΔΨ(mV)
D-Lactate 172±26 135±6
D-Lactate+10 mM L-Malate 246±28 141±11
Respiratory rate and transmembranal electrical potential difference (ΔΨ) were
measured in the presence of 10 mM D-Lactate±10 mM L-Malate+0.4 µg/ml antimycin
A. ΔΨ was assessed with the ﬂuorescent dye rhodamine 123 as described in the
Materials and methods section. Results are representative of three independent
experiments.
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Matrix space was determined by using [3H]water and inner
membrane impermeable [14C]mannitol, ΔpH was determined by
distribution of [14C]Acetate as previously described [24].
3. Results
Previous studies from our laboratory have shown that, on
mitochondria isolated from the yeast Saccharomyces cerevisiae, there
is a competition for electrons to enter the respiratory chain [12,13]. AsFig. 2. Stimulation of D-lactate dehydrogenase activity by L-malate in isolated mitochondria
acceptor as described in Materials and methods. (A) Titration of ferricyanure reduction rate
kinetic parameters (Vm and Km, mean values in included Table). Results are means of three i
Fe(CN)6/2. (■) D-lactate, (♦) D-lactate+10 mM L-malate, (●) D-lactate+20 mM L-malate.stipulated above (see Introduction), this yeast respiratory chain has
some peculiarities when compared to the mammalian one (see
scheme 1). Besides the presence of internal and external NADH
dehydrogenases, one can note that in yeast, the respiratory chain
includes a D-lactate dehydrogenase [3–5,7,17,18] that gives its
electrons to cytochrome c. In the course of experiments aiming to
determine whether electrons coming from that D-lactate dehydro-
genase would compete with electrons coming from other dehydro-
genases, we came across an unusual result. To quantitatively assess
the electron ﬂux through the D-lactate dehydrogenase, we were
willing tomeasure the pyruvate generated. In order to do so, we had to
avoid any metabolism of pyruvate. Since pyruvate oxidation is
controlled by oxaloacetate availability, we ﬁrst assessed the respira-
tory ﬂux in the presence of pyruvate and malate (Table 1). Because
pyruvate can be metabolized by isolated mitochondria, we attempted
an inhibition of its metabolism through inhibition of the pyruvate
carrier. As expected, the respiratory ﬂux is drastically inhibited in the
presence of α-cyano-4hydroxy-cinnamate (α-CNN), a well-known
inhibitor of pyruvate transport [25]. The residual ﬂux observed is fully
inhibited by antimycin A addition and is probably due to malate
metabolism through the Krebs cycle. In order to make sure that α-
CNN-induced inhibitionwas speciﬁc of the pyruvate carrier and that it
had no effect on D-lactate oxidation, D-lactate was added to. D-lactate dehydrogenase enzyme activity was quantiﬁed using Fe(CN)6 as an electron
with increasing D-lactate concentration. (B) Hanes–Woolf plot was used to determine
ndependent experiments. The reduction rate is expressed in nmol-equivalent lactate i.e.
Fig. 3. Hyperbolic activation of D-lactate dehydrogenase by L-malate in isolated mitochondria. D-lactate dehydrogenase activity was quantiﬁed using Fe(CN)6 as an electron acceptor
as described in Materials and methods. (A) Titration of ferricyanide reduction rate without (□) D-lactate or with (■) D-lactate (10 mM) by addition of increasing concentrations of
L-malate. (B) Dixon plot (1/Jred Fe(CN)6= f([L-Malate]). Results are representative of three independent experiments.
Table 3
Effect of L-Malate addition on non-phosphorylating and phosphorylating respiratory
rates and on ADP/O ratio in isolated mitochondria
Substrate Non-phosphorylating
(nat O/min/mg prot)
Phosphorylating
(nat O/min/mg prot)
ADP/O ratio
D-Lactate 172±26 243±45 1.01±0.03
D-Lactate+L-Malate 246±28 434±88 1.02±0.04
Respiratory rate was measured in the presence of 10 mM respiratory substrate and
0.4 µg/ml antimycin A, ±10 mM L-Malate (non-phosphorylating), +50 µM ADP
(phosphorylating). Results are means of at least four independent experiments±S.D.
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Surprisingly, the respiratory ﬂux in this condition was signiﬁcantly
higher (167%) than the one on D-lactate alone and it was comparable
to the one in absence of α-CNN. Table 1 shows that this stimulation is
only slightly decreased by antimycin A addition indicating that either
pyruvate, either malate or both of them are able to activate the
respiratory rate on D-lactate. The D-lactate oxidation rate observed in
the presence of malate alone (with antimycin A) clearly indicated that
the stimulation observed is mostly due to malate and is insensitive to
α-CNN. It should be stressed here that this stimulation is only seen
with D-lactate as substrate and that the respiratory rate related to the
other mitochondrial dehydrogenases is insensitive to malate or
pyruvate addition (data not shown). Furthermore, we show that α-
CNN itself has no effect on the yeast mitochondrial respiratory chain
(when NADH is used as substrate) and on the D-lactate dehydrogenase
(Table 1).
We then studied the dependency of the D-lactate respiratory rate
stimulation to malate concentration. We titrated the respiratory ﬂux
with D-lactate as substrate in the presence of antimycin A (to avoid any
participation of malate metabolism to the respiratory ﬂux) andincreasing concentrations of malate. Fig. 1 clearly shows that from
1 mM to 20 mM, malate is able to stimulate the D-lactate respiratory
ﬂux and this up to 200% in the presence of 20 mM malate. Moreover,
this is not due to any oxidation of L-malate itself under our
experimental conditions (Fig. 1).
Since an increase in respiratory rate can be linked to an uncoupling
of the respiratory chain, we assessed the mitochondrial transmem-
branal electrical potential difference that is generated in this case by
cytochrome-c-oxidase proton pumping activity. Table 2 clearly shows
Fig. 4. Activation of D-lactate dehydrogenase by carboxylic acids. The respiratory rate
was measured with 0.5 mg/ml yeast isolated mitochondria in the presence of 10 mM
D-lactate+0.4 µg/ml antimycin A±10 mM of mono/di/tricarboxylic acids. Results are
means of three independent experiments±S.D.
1287A. Mourier et al. / Biochimica et Biophysica Acta 1777 (2008) 1283–1288that the ΔΨ established in the presence of D-lactate as substrate is
slightly increased upon malate addition. This clearly excludes any
uncoupling effect of malate on isolated mitochondria and points to an
activation of the D-lactate oxidation pathway. Moreover, because
cytochrome-c-oxidase activity is well-known to be pH sensitive, we
assessed whether the transmembranal pH difference (ΔpH) was
affected under our experimental conditions. There is no signiﬁcant
modiﬁcation in theΔpHwhen lactate is used as a respiratory substrate
in the presence (36 mV±4) or absence of 20 mM malate (32 mV±4).
As shown on scheme 1, D-lactate dehydrogenase directly gives its
electrons to cytochrome c. Thus, two enzymes are involved in the
pathway from D-lactate to oxygen consumption: the D-lactate
dehydrogenase and the cytochrome-c-oxidase. In order to assess
which one or whether both of these enzymes were activated by
malate, we measured functionally isolated enzymes activities.
Cytochrome-c-oxidase activity was measured polarographically with
TMPD/ascorbate as substrates and no modiﬁcation in this activity was
measured when malate (10 mM) was added (data not shown). D-
lactate dehydrogenase activity was measured in the presence of
antimycin A, cyanide (to inhibit cytochrome-c-oxidase) and Fe(CN)6 as
an artiﬁcial electron acceptor. Fig. 2A shows that D-lactate dehydro-
genase activity follows a hyperbolic relationship and is thus a
Michaelian enzyme [26] as previously shown on the isolated enzyme
[3]. Moreover, when this activity is assessed in the presence of either
10 mM or 20 mM malate, one can clearly see that it is increased and
again follows a hyperbolic relationship. In Fig. 2B, we applied thewell-
known Hanes–Woolf plot [27] that allowed us to assess the kinetic
parameters of the D-lactate dehydrogenase in the absence and in the
presence of L-malate. This plot clearly shows that whereas the Km is
not signiﬁcantly affected by L-malate addition, the maximal velocity
(Vm) is largely increased.
There are multiple mechanisms of kinetic activation [28]. To
determine how D-lactate dehydrogenase was activated by malate, we
assessed the enzyme's activity with a saturating amount of D-lactate
and an increasing concentration of activator. Fig. 3A shows that almost
up to 20 mM L-malate increases D-lactate dehydrogenase activity. To
further characterize the activation mechanism, we used the Dixon
representation [29]. Fig. 3B clearly illustrates that malate induces a
hyperbolic activation of D-lactate dehydrogenase. This illustrates the
theoretical prediction of a non-competitive activation. This example is
one of very few described in the literature [30].
To further investigate the consequences of this activation on
oxidative phosphorylation, we measured distinct respiratory states in
the presence or absence of malate. Table 3 shows that both respiratory
states (non-phosphorylating and phosphorylating) with D-lactate as
substrate are stimulated by the addition of 10 mMmalate. The yield ofoxidative phosphorylation (ADP/O ratio) is not modiﬁed in the
presence of L-malate.
We then wondered whether other molecules sharing a common
chemical group with malate were able to activate D-lactate oxidation.
Consequently other molecules were tested: (i) monocarboxylates (ii)
dicarboxylates (iii) tricarboxylates. Fig. 4 clearly shows that D-lactate
dehydrogenase is stimulated by carboxyl groups and that the
dimension of the activation is strictly related to the number of
carboxyl groups on the molecule.
4. Discussion
In the yeast Saccharomyces cerevisiae there are three D-lactate
dehydrogenases encoded by the genes DLD1, DLD2 and DLD3. The
three proteins dld1p, dld2p and dld3p have been shown to have D-
lactate dehydrogenases activities [3,4,31]. Dld1p has clearly been
show to reduce cytochrome c [3,4,6,7,9,17]. Dld2p has been shown to
localize to the mitochondria [31–33] and dld3p is a cytosolic enzyme
whose expression is subjected to retrograde regulation [31]. On yeast
submitochondrial particles, it has been shown that low concentrations
of lactate are able to reduce cytochrome b in the presence of bc1
complex inhibitors [34]. Under our growth conditions, the only
detectable D-lactate dehydrogenase activity on isolated mitochondria
oxidizes D-lactate and gives its electrons to cytochrome c as shown by
insensitivity to Antimycin A as well as the ADP/O ratio assessed here.
This is in accordance with previous studies [10,35,36].
In this paper, we show that carboxylic acids are able to stimulate
the respiratory ﬂux with D-lactate as substrate and that this
stimulation does not go through cytochrome-c-oxidase. Instead,
there is a kinetic activation of the D-lactate dehydrogenase by mono,
di and tricarboxylic acids. The dimension of the activation is strictly
related to the number of carboxylic groups on the acid (see Fig. 4).
Kinetic studies done on the functionally isolated enzyme show that it
is a non-competitive activation since only the enzyme maximal
velocity is increased in the presence of the carboxylic acids.
Furthermore, this activation is hyperbolic. It should be stressed out
that even though this kind of activation has been very well described
on a theoretical point [37], there are very few examples of such an
activation in the literature, one of them being the hepatic microsomal
NADPH cytochrome c reductase [30].
One of the questions raised by this studywould be the physiological
signiﬁcance of such an activation. One of themain pathway of D-lactate
production in the yeast Saccharomyces cerevisiae is the metabolism of
methylglyoxal [38]. Methylglyoxal is a by-product of glycolysis and is
highly toxic [39]. One could hypothesize that D-lactate oxidation is an
important detoxiﬁcation pathway for this product. Furthermore,
studies from our laboratory show that methylglyoxal is able to inhibit
the yeast mitochondrial respiratory chain at the level of the bc1
complex (data not shown). In such a case, the mitochondria would be
unable to reoxidize NADH and Krebs cycle intermediates would
accumulate. The mainway to get rid of the methylglyoxal being the D-
lactate dehydrogenase, under conditions where this metabolite
accumulates, it makes sense that the di- and tricarboxylic acids
produced by the Krebs cycle would activate this enzyme and thus
increase the detoxiﬁcation rate and favor yeast growth.
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